We present the results of modeling intended to evaluate the feasibility of using neutrons from induced fission in highly enriched uranium (HEU) as a means of detecting clandestine HEU, even when it is embedded in absorbing surroundings, such as commercial cargo. We characterized radiation from induced fission in HEU, which consisted of delayed neutrons at all energies and prompt neutrons at energies above a threshold. We found that for the candidate detector and for the conditions we considered, a distinctive HEU signature should be detectable, given sufficient detector size, and should be robust over a range of cargo content. In the modeled scenario, an intense neutron source was used to induce fissions in a spherical shell of HEU. To absorb, scatter, and moderate the neutrons, we place one layer of simulated cargo between the source and target and an identical layer between the target and detector. The resulting neutrons and gamma rays are resolved in both time and energy to reveal the portion arising from fission. We predicted the dominant reaction rates within calcium fluoride and liquid organic scintillators. Finally, we assessed the relative effectiveness of two common neutron source energies.
BACKGROUND
Many projects at U.S. Government laboratories are addressing the problem of detecting highly enriched uranium (HEU) inside containers of commercial cargo. Lawrence Livermore National Laboratory (LLNL) has created an experimental test bed for researching potential detection signatures using (among other techniques) active interrogation with neutrons. Ongoing experiments are testing the effectiveness of various sources, detectors, and data analysis methods. 1 However, the wide range of possible combinations of cargo and clandestine objects makes comprehensive experimentation impossible. Computational modeling offers a way to extend and give context to this experimental foundation. Accordingly, we created a computational capability to mirror the experimental one. Beyond merely predicting and reproducing experimental results, we identified five challenges that make detecting HEU within cargo containers an interesting problem:
1. Lack of knowledge ahead of time of the object to be found: unknown identity, size, and location of the HEU to be detected and unknown quantity and composition of absorbing/scattering material between source and HEU object and between HEU object and detector. Other special purpose detection systems (such as in arms control and treaty verification) have been allowed to make assumptions about both the assayed object and the intervening material-a luxury one does not enjoy in a screening search for HEU. 2. As a consequence of 1, potential difficulty in getting enough neutron fluence on target to induce a distinctive signature, and difficulty in capturing that signature in a detector. Surveys of cargo makeup show that a large fraction (by weight) of cargo entering the U.S. consists of foodstuffs and tree products, i.e., materials rich in hydrogen. Such material strongly scatters and absorbs neutrons, and many mean free paths of it may exist in the measurement scenarios under consideration. 3. Inadequate representation in cross section data of the relevant physics underlying the signature. Historically, radiation transport codes needed to model two extremes well: thermal neutrons and D-T fusion (14 MeV) neutrons. Evaluated cross section tables show less concern for the intermediate energy range.
4.
Competing signatures from trace radioactivity in the cargo being screened. Typical sources include nat U, nat Th, and 40 K. In the active interrogation system we are modeling, one must also contend with induced activity after a source pulse. 5. The limited ability of real detectors to distinguish the sought after particle type, particle energy, and time window for the signature of interest.
This study addresses concerns 1, 2, 3, and 5. Since we focused on neutron signatures, we have not tried to represent the trace radiation from the cargo material, which should consist entirely of gamma rays.
Thermal neutron-induced prompt fission in HEU yields, on average, 2.4 neutrons (with most probable energy near 1 MeV) and 8 gamma rays per fission. In addition, roughly 0.65% of all neutrons from induced fissions are emitted at times ranging from fractions of a second to minutes after the fissions take place. When they appear, delayed fission neutrons exhibit an energy distribution that peaks at approximately 0.6 MeV, accompanied by gamma-ray emission. Special purpose detection systems † have evolved that use one or both forms of radiation to infer the presence and identity of fissile material being interrogated. In this study, we will analyze the fluence of neutrons into the detector for time, energy, and spatial characteristics and identify two fission signatures involving only detected neutrons. A broader treatment would also consider signatures from the gammas or from a combination of neutrons and gammas.
The brevity of this study necessarily limited its scope. Therefore we chose not to address matters of absorbed dose by humans in the vicinity of the source or the irradiated cargo. Also, we made no attempt to optimize the interrogation of the target or the subsequent signature detection.
DESCRIPTION OF THE TRANSPORT MODEL
The modeling software used in this study was the LLNL COG program.
2 COG is a 3-dimensional simulation code for coupled transport of neutrons, protons, gamma rays, and electrons using the Monte Carlo 3 method. It includes detailed nuclear reaction physics, including a data-driven treatment of delayed radiation due to the -decay of fission products. That is, the algorithm is able to create both neutrons and gammas from the decay of fission products; however, it depends on the completeness of the decay description in the cross section tables for the many nuclides that fission produces. The user can specify detector response functions to modify the radiation tallies so that they simulate measurements from actual instruments with finite resolutions and energy-dependent efficiencies. The ENDF/B-VI library is the most complete compilation of this data to date; however, it accounts only for the delayed neutrons and not for the delayed gammas produced directly by nuclear de-excitation of fission products. Thus the gamma spectra predicted at late time are incomplete, in that they consist only of contributions from capture of, and fission from, the delayed neutrons that are tabulated. COG predicts radiation flux in user-prescribed "detectors," which can be volumes, surfaces, or geometric points. COG also has an option that allows the user to log the particles as they traverse surfaces in the geometry, recording the particle's position, momentum, energy, statistical weight, and age since the birth of the particle (or the birth of the source particle that reacted to create the particle being logged). Thus problems can be decomposed into stages, and were for this study. In the initial stage of each calculation, particles from the neutron source are transported to a bounding surface that encloses the detector, where they are logged. In the second stage, the logged particles are used as a virtual source and transported a short distance through air and into the bounded volume containing the candidate detector. With this staged approach, the most time-consuming first portion of the simulation need be performed only once, and then many detectors can be evaluated using relatively brief calculations that, in this study, gauge the reactions that determine detectability of the signature.
Figures 1a and 1b below show different views of the model geometry used by COG. This geometry matches the generic physical arrangement at the LLNL cargo test bed. Thus results of the Monte Carlo simulations for this scenario could apply to actual experiments therein. The colors in the figures indicate different materials in the simulation (represented by densities and reaction cross section tables for the nuclides present). In general, the materials are mixtures of elements and may also be composites of mixtures. Where composite materials are assigned to the model regions, they are "smeared out" homogeneously over the region volume. For example, though the concrete contains steel reinforcing, the iron in the model is not concentrated into bars, but is distributed throughout in a fictitious average mixture. The COG geometry model includes those elements of both the apparatus and the experiment hall, which influence the transport of particles from the source to the target and from the target to the detector. For example, it includes the floor, which reflects a detectable number of particles back into the experiment. The black box in Figure 1 encloses a volume large enough to accommodate all of the candidate detectors used in this study. This detector bounding volume is a 2 x 2 x 0.5 meter slab centered on a horizontal path to the target. All detector fluences and fluxes in this study are calculated per unit area of this six-sided surface.
We assume a slightly idealized neutron source for this problem that emits isotropically and is a "delta" ( ) function in both time and energy. In reality, the neutrons generated will have both a slight angular dependence and a narrow pulse width. However, since these widths are small compared to the time and energy scales over which the particles are to be resolved, we accept the functions as good approximations. We considered two source neutron energies, 2.45 and 14.1 MeV, as D-D and D-T based neutron generators would produce. (The lower source energy offers the advantage of a greater energy range for accommodating the fission signature. However, we also wanted to assess the advantage in terms of interrogating flux on target that might accrue from using more penetrating source particles. Of course, the fission rate will also depend on how well thermalized are the arriving neutrons.) We represent the target as a spherical shell to make good use of the small amount of HEU mass that a typical experiment will be permitted to use. Since HEU is essentially a surface emitter, we can thereby approximate the signature from a more massive but solid sample of the material having the same radius.
We chose plywood to simulate cargo in the model because it contains the main constituents of a large fraction of known cargoes. Analyzing cargo manifests for a local port showed that the majority of cargoes sampled were rich in plant products, for example, vegetable produce and wood. The most prevalent molecule in both of these is cellulose, which is rich in hydrogen. Cellulose in the form of plywood makes a convenient substance for use in experiments, and has been used for this purpose in measurements taken at LLNL. Also, using laminated sheets of plywood as a cargo simulant improves reproducibility in experiments, and makes geometry models easy to construct-one can make accurate predictions using simpler 1-dimensional calculations.
To gauge the effect of simulating cargo with plywood, we repeated two calculations from the HEU detection study with combined layers of steel, aluminum, and plywood substituted for plywood alone. The atom density of the laminated steel-aluminum-plywood cargo matched the plywood-only case, and we chose the thickness of each substance to contribute one third of the total atom density. Though we held the atom density constant, the areal density increased from 29.5 to 78.5 g/cm 2 Lastly, we explored the effects on detection of partial streaming paths, due to voids in the cargo, by detailed modeling of 12-bottle cases of wine. We replaced the plywood simulant shown in green in Figure 1a with 7(w) x 8(h) x 2(d) cases of 4 x 3 bottles each, extending to approximately the same height and width dimension as the plywood. The cargo volume is 43% air. To quantify the effect of this spatial heterogeneity, we repeated the calculation using the same materials distributed in an average density approximation over the entire volume of the cases. Figure 2 below shows a false color representation of neutron fluence onto the wall of the cargo container adjacent to the collimator. Calculations confirm that as the neutrons enter the container volume, they are scattered, absorbed, and moderated in the volume of the simulated cargo. The fluence of neutrons actually reaching the target is shown in Figures 3a and 3b as a function of energy, while treating as a parameter the areal density ( •L, where L is the cargo thickness separating the source from the target, and symmetrically the target from the detector). In both cases (and generally for this study) the fluence is normalized to a value per source neutron. The spectra in Figure 3a show that, for the cargo thicknesses we modeled, the spectrum of neutrons (source plus downscatter) is greatest in nearly all energy groups at L = 9.7 g/cm 2 . We believe that this maximum reflects a combination of relatively low attenuation of the incident beam, and of neutron backscatter from cargo behind the target (that is, between the target and detector). In the case of the empty container, most of the neutron fluence arrives at the target unscattered, or minimally scattered. This case is thus underthermalized, and one should not expect as strong a signal due to fissions in the target as one would expect with a small or even moderate amount of cargo present. The reason for this is clear if we recall the energy dependence of the uranium fission cross section, which favors thermal and epithermal neutrons. At increased cargo thickness, the effect of attenuation clearly dominates the backscatter. The cited values of the cargo thickness (and L) refer to the equal amounts of cargo placed symmetrically between the source and the target and between the target and the detector, as shown in Figure 1 . Figure 5a used an HEU target, while the one plotted in 5b used a null target. The two calculations used identical input, including the HEU target, except that in the null case all fission reactions were suppressed. The comparison shows several differences, particularly a cluster of neutrons at and below fission energies at times on the order of 1 ms in the HEU case. Similarly, a more moderated cluster occurs at times characteristics of delayed fission in the HEU case, clustering around the thermal peak at time t > 50 ms.
RESULTS OF TRANSPORT CALCULATIONS
The regions enclosed by dashed lines in Figure 5a identify two potential signatures. Note the large disparity in intensity of the thermal flux due to all processes except fission and the identified signatures. This underscores the need for crisp energy discrimination in a detector meant to exploit the higher energy, medium age range (0.1 t 10 ms, triangular region) signature, and/or high contrast (low leakage between pulses) in the neutron source for systems meant to exploit the late time (t > 100 ms, rectangular region) signature. In the corresponding analysis of gamma rays shown in Figure 6a and 6b, the emission of gamma rays beyond 50 ms in the HEU case indicates radiation that originated with delayed neutrons, and was created as a result of capture or promptly emitted from subsequent fissions. a), and an equivalent average density representation (b) intended to show the effect of streaming paths on the intensities of the candidate signatures. We postulate that attenuation due to scattering reduces the intensity in both cases, while lack of moderation also reduces the streaming path signature.
Figures 7a and 7b show the effects of spatial heterogeneity (voids) on both candidate fission signatures. In 7a, some neutrons are able travel through air, and a large fraction arrive at the target either uncollided, or at energies above 1 MeV, where the neutron scattering cross section of hydrogen declines sharply. Comparing these results to the plywood cargo calculation (Figure 5a ), we observe that both fission neutron signatures are weakened even at a comparable average L (32.8 g/cm 2 ). We attribute the difference to the higher specific hydrogen content of the wine case model.
DESCRIPTION OF THE DETECTOR MODEL
In the second stage of detector analysis, the particles previously logged into the census file are regenerated and tracked as new particle histories. While the volume within the detector bounding surface in the first stage of the model is defined to be a perfect absorber, in the second stage it contains the particular detectors being analyzed. Outside the bounding surface remains the full model geometry (collimator, cargo container, cargo, floor, walls, etc.). Two detectors have been modeled inside the bounding surface. The first is a calcium fluoride crystal, chosen primarily because, in theory, it can be configured to have a neutron detection threshold above the D-D neutron interrogating energy of 2.45 MeV but remain sensitive to roughly 30% of the typical fission neutron spectrum. * The second detector type is a large organic scintillator, representing a hydrogenous proton-recoil detector.
A key concern in the use of both the crystal and liquid scintillators is the ability to discriminate between neutroninduced charged particles (protons and alpha particles for the CaF 2 and recoil protons for the liquid) and gamma-ray induced electrons (primarily from Compton scattering). The gamma-ray flux is expected to be intense during active neutron interrogation due to capture reactions in materials such as hydrogen, nitrogen, and iron, and due also to inelastic scatter reactions in light nuclei. For this limited analysis, we will not simulate the process of gamma-ray discrimination in the CaF 2 crystal or the liquid scintillator, but rather investigate the necessary discrimination capability required for fissile material detection.
Detector specifications for both scintillators are provided below in Table I . Note that the thickness of the CaF 2 crystal has been limited to 2 cm to provide a conservatively low estimate of feasible crystal size. 
DISCUSSION OF DETECTOR RESPONSE
The detection response of the calcium fluoride crystal detector is taken to be the sum only of the induced Ca (n, ) and Ca(n,p) reactions. The cross sections for these reactions, as well as the (n, ) reaction in 19 F, are provided in Figure 8 . Because the cross section, Q value, and light conversion for the (n, ) reactions in fluorine are relatively poor compared to the reactions in calcium, all fluorine reactions will be neglected for this study. Other critical assumptions apply to the crystal as modeled. Notably, gamma-ray induced reactions have been omitted for the crystal, light conversion and collection have not been simulated, and we have not accounted for associated inefficiencies.
The detection response of the proton-recoil liquid scintillator is approximated by the number of proton-recoil events in the organic detector. Given our inability to distinguish between multiple elastic scatterings from a single neutron, the simulated results represent a conservative upper bound on the actual reaction rate. Only recoil events due to incident neutron energies above 1 MeV are considered. As with the CaF 2 crystal, light conversion and collection have not been considered.
We have also estimated the number of Compton electron producing reactions in the scintillators in order to gauge the level of gamma-ray discrimination required for the threshold neutron detection. Results are provided for the organic scintillator but are representative of the CaF 2 crystal as well. Only the Compton scatterings of gamma rays above 100 keV are considered, reflecting the higher light conversion efficiency of the Compton electrons as compared to heavier ions. 5 Simulated reaction rates in the detectors must be considered in the context of the cosmogenic neutron background flux. The cosmic ray neutron flux at sea level, due to the interaction of high-energy cosmic rays with the environment, is generally taken as 1x10 -2 n cm -2 s -1
. Of this, 4x10 -3 n cm -2 s -1 is assumed thermal (0 < E n < 0.4 eV), 4x10 -3 n cm -2 s -1 is assumed epithermal to fission-energy (0.4 eV < E n < 1 MeV), and 2x10 -3 n cm -2 s -1 is assumed to be fast (E n > 1 MeV ).
For the purposes of this analysis, all detection events from cosmic background are taken to be from the fast energy group.
In order to estimate the count rate due to cosmic ray neutrons, one must first estimate the detector efficiency in the fast energy range. The Monte Carlo results indicate combined (n,p) and (n, ) reaction rates in calcium of 1.5x10 -10 sourceparticle -1 cm -3 for an incident neutron flux of 1.5x10 -7 n source-particle -1 cm -2 in the energy range 0.5 MeV to 15 MeV. Because the cosmic ray neutron spectrum drops sharply with increasing energy, the limited energy range is a reasonably conservative estimate of the detectable fast portion of the spectrum. The resulting macroscopic cross section is 0.001 cm -1 . If we take 1 x 10 -3 n cm -2 sec -1 as an estimate of the cosmic ray neutron flux between 1 to 10 MeV, the detected cosmic ray reaction rate is roughly 1x10 -6 cm -3 s -1
.
As the results will show, this is many orders of magnitude less than the peak rates of detection for induced prompt fission neutrons for the given D-D neutron interrogations.
RESULTS OF DETECTOR CALCULATIONS
Below we present results for both the HEU and null targets. The HEU target may emit induced prompt fission neutrons and gamma rays, as well as delayed fission neutrons. In the null case all fission reactions in the HEU are suppressed. Results are provided for the two types of cargos described in Section 2: plywood of moderate and high areal density and a low-atomic mass material representative of palletized wine bottles (in both a lattice or "heterogeneous" geometry and a uniform density "homogenous" geometry).
To assist with interpreting the results, a few clarifications may be helpful. First, note that model results are presented in histogram format, showing the number of selected reactions in the detector for a given time period. The results are not reaction rates and therefore need not be multiplied by the time interval to obtain fluence. Second, the reported uncertainties are derived from Monte Carlo precision only and are not predictions of statistical variations from experiments. Finally, reaction rates are provided in terms of the number of reactions per single interrogation pulse, and per unit detector volume if so specified. ), and fissionable HEU target cases for base (19.45 g cm -2 ), thick loading (39 g cm -2 ), heterogeneous low-z (palletized wine bottles). Figure 9 shows the results for various calculations as well as the estimated cosmogenic background reaction intensity. The null case displayed is for the 19.45 g cm -2 plywood loading, but is representative of all null cases, in that no reactions are predicted beyond 100 µs from the neutron pulse. In all HEU (fissioning) cases, the peak reaction intensity (ignoring the initial source pulse) occurs at 1 to 5 ms, and falls abruptly after 50 ms. Reactions occurring after 0.1 s show predicted delayed neutron activity. Note that the variances in the Monte Carlo results in this latter region are large, and reaction rates are below the estimated background rates. This suggests that robust detection of the delayed signature would require long counting times to increase detection confidence at reasonable false alarm rates. Figure 10 illustrates the effect of cargo geometry on the predicted reaction rates. Both histograms report data of fission cases with simulated wine cargo. In the homogeneous case, all cargo materials have been combined into a representative cargo volume of uniform density. In the heterogeneous case, individual bottles, their contents, and shipping boxes are modeled discretely. This allows for paths of "neutron streaming" into and out of the container. The result, for this particular case, is a predicted increase in reaction intensities for the heterogeneous model, likely due to decreased attenuation of fission neutrons along streaming paths. Finally, Figure 11 illustrates the importance of gamma-ray discrimination in the feasibility of either detection method considered. Results are shown for the organic scintillator, but are clearly also relevant for the CaF 2 . The histograms show that the predicted intensity of Null case Compton electrons (E gamma > 100 keV) is 2 to 3 orders of magnitude greater than the proton recoil intensity (E neutron > 1 MeV) in the HEU case. This suggests that, for the given conditions, a signature based on prompt fast neutrons will require particle discrimination with roughly 99.9% effectiveness. We believe that this may be the key challenge in making this active interrogation approach viable, regardless of the particular detector.
